Haplotype structure in commercial maize breeding programs in relation to key founder lines by Coffman, Stephanie M. et al.
Agronomy Publications Agronomy 
2019 
Haplotype structure in commercial maize breeding programs in 
relation to key founder lines 
Stephanie M. Coffman 
Iowa State University 
Matthew B. Hufford 
Iowa State University, mhufford@iastate.edu 
Carson M. Andorf 
United States Department of Agriculture, andorfc@iastate.edu 
Thomas Lubberstedt 
Iowa State University, thomasl@iastate.edu 
Follow this and additional works at: https://lib.dr.iastate.edu/agron_pubs 
 Part of the Agriculture Commons, Agronomy and Crop Sciences Commons, Ecology and Evolutionary 
Biology Commons, and the Plant Breeding and Genetics Commons 
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
agron_pubs/608. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html. 
This Article is brought to you for free and open access by the Agronomy at Iowa State University Digital Repository. 
It has been accepted for inclusion in Agronomy Publications by an authorized administrator of Iowa State 
University Digital Repository. For more information, please contact digirep@iastate.edu. 
Haplotype structure in commercial maize breeding programs in relation to key 
founder lines 
Abstract 
Key message 
High-density haplotype analysis revealed significant haplotype sharing between ex-PVPs registered from 
1976 to 1992 and key maize founders, and uncovered similarities and differences in haplotype sharing 
patterns by company and heterotic group. 
Abstract 
Proprietary inbreds developed by the private seed industry have been the major source for driving genetic 
gain in successful North American maize hybrids for decades. Much of the history of industry germplasm 
can be traced back to key founder lines, some of which were pivotal in the development of prominent 
heterotic groups. Previous studies have summarized pedigree-based relationships, genetic diversity and 
population structure among commercial inbreds with expired Plant Variety Protection (ex-PVP). However, 
less is known about the extent of haplotype sharing between historical founders and ex-PVPs. A better 
understanding of the relationships between founders and ex-PVPs provides insight into the haplotype and 
heterotic group structure among industry germplasm. We performed high-density haplotype analysis with 
11.3 million SNPs on 212 maize inbreds, which included 157 ex-PVPs registered 1976–1992 and 55 
public lines relevant to PVPs. Among these lines were 12 key founders identified in literature review: 207, 
A632, B14, B37, B73, LH123HT, LH82, Mo17, Oh43, OH7, PHG39 and Wf9. Our results revealed that, on 
average, 81.6% of an ex-PVP’s genome is shared with at least 1 of these 12 founder lines and more than 
half when limited to B73, Mo17 and 207. Quantifiable similarities and contrasts among heterotic groups 
and major US seed industry companies were also observed. The results from this study provide high-
resolution haplotype data on ex-PVP germplasm, confirm founder relationship trends observed in 
previous studies, uncover region-specific haplotype structure differences and demonstrate how haplotype 
sharing analysis can be used as a tool to explore germplasm diversity. 
Disciplines 
Agriculture | Agronomy and Crop Sciences | Ecology and Evolutionary Biology | Plant Breeding and 
Genetics 
Comments 
This article is published as Coffman, Stephanie M., Matthew B. Hufford, Carson M. Andorf, and Thomas 
Lübberstedt. "Haplotype structure in commercial maize breeding programs in relation to key founder 
lines." Theoretical and Applied Genetics (2019). doi: 10.1007/s00122-019-03486-y. 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/agron_pubs/608 
Vol.:(0123456789) 
Theoretical and Applied Genetics 
https://doi.org/10.1007/s00122-019-03486-y
ORIGINAL ARTICLE
Haplotype structure in commercial maize breeding programs 
in relation to key founder lines
Stephanie M. Coffman1,4  · Matthew B. Hufford2  · Carson M. Andorf3  · Thomas Lübberstedt4 
Received: 24 March 2019 / Accepted: 13 November 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019
Abstract
Key message High-density haplotype analysis revealed significant haplotype sharing between ex-PVPs registered 
from 1976 to 1992 and key maize founders, and uncovered similarities and differences in haplotype sharing patterns 
by company and heterotic group.
Abstract Proprietary inbreds developed by the private seed industry have been the major source for driving genetic gain in 
successful North American maize hybrids for decades. Much of the history of industry germplasm can be traced back to key 
founder lines, some of which were pivotal in the development of prominent heterotic groups. Previous studies have sum-
marized pedigree-based relationships, genetic diversity and population structure among commercial inbreds with expired 
Plant Variety Protection (ex-PVP). However, less is known about the extent of haplotype sharing between historical founders 
and ex-PVPs. A better understanding of the relationships between founders and ex-PVPs provides insight into the haplotype 
and heterotic group structure among industry germplasm. We performed high-density haplotype analysis with 11.3 mil-
lion SNPs on 212 maize inbreds, which included 157 ex-PVPs registered 1976–1992 and 55 public lines relevant to PVPs. 
Among these lines were 12 key founders identified in literature review: 207, A632, B14, B37, B73, LH123HT, LH82, Mo17, 
Oh43, OH7, PHG39 and Wf9. Our results revealed that, on average, 81.6% of an ex-PVP’s genome is shared with at least 
1 of these 12 founder lines and more than half when limited to B73, Mo17 and 207. Quantifiable similarities and contrasts 
among heterotic groups and major US seed industry companies were also observed. The results from this study provide 
high-resolution haplotype data on ex-PVP germplasm, confirm founder relationship trends observed in previous studies, 
uncover region-specific haplotype structure differences and demonstrate how haplotype sharing analysis can be used as a 
tool to explore germplasm diversity.
Introduction
The North American maize industry has a rich history, which 
contributes to its success in production of superior hybrids 
and feeding of a global population. The interest of creat-
ing maize hybrid varieties to multiply superior genotypes 
not affected by inbreeding depression was independently 
reported by Shull and East (East 1908; Shull 1908). Hybrid 
vigor was termed ‘heterosis’ by Shull in 1914 (Shull 1914).
The 1930s and 1940s saw a shift from traditional open-pol-
linated varieties (OPVs) to double-cross hybrids as this was 
the most economically viable seed production approach at 
the time (Mangelsdorf 1975). Through selection, breeders 
developed elite inbred parents making it feasible for higher 
yielding single-cross hybrids to replace double-cross hybrids 
in the 1960s (Troyer 1999). Continued development of suc-
cessful inbred parents can be attributed to the formation and 
divergence of heterotic groups, a concept that began taking 
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hold in the 1960s and 1970s (Tracy and Chandler 2006). The 
most widely known heterotic pattern consists of the heter-
otic groups stiff stalk (SS) and non-stiff stalk (NSS). Inbred 
lines tend to be developed from crosses within a heterotic 
group and are tested in hybrid combination with inbred lines 
from a complementary heterotic group. Lines that were piv-
otal in the development of these breeding groups are called 
‘founders,’ a term that typically describes the earliest known 
recorded ancestral genotypes for a given germplasm (Zhou 
et al. 2000). The history of heterotic groups in maize can be 
traced back through pedigree information to founders which 
were key in their development (Bernardo et al. 2000; Smith 
et al. 1999).
The transition from use of public to entirely proprietary 
inbreds in commercial hybrids (Mikel 2008) underscores the 
impact of private seed companies in driving the success of 
North American maize hybrids. In 1970, the Plant Variety 
Protection Act (PVPA) was passed by US Congress as a 
means for breeders to protect their innovations. Approved 
Plant Variety Protection (PVP) of individual maize lines 
initially expired after 17 years. Today, PVP for newly reg-
istered lines expires after 20 years. Once the PVP expires, 
the lines become available to the public. Maize lines with 
expired Plant Variety Protection (ex-PVP) represent germ-
plasm that is the core of many seed companies. As of June 
2017, 386 field corn inbred lines had expired PVP. Company 
representation among these lines is reflective of the major 
stakeholders in the industry such as DowDuPont, Monsanto 
and Syngenta. Seed companies started with similar genetics 
from founder lines (Troyer 1999). As seed companies have 
independently used these founders to evolve their own pro-
prietary germplasm, it should not be expected that founder 
lines contributed equally to breeding programs across the 
agricultural industry.
Understanding how founder lines have contributed to 
the development of ex-PVP lines can provide insight into 
industry germplasm structure and relationships between 
pre-commercial and commercial maize lines. Founder 
lines with significant contributions to PVP lines have been 
identified through pedigree-based analysis (Mikel 2008, 
2011; Mikel and Dudley 2006; Smith 2007). SNP-based 
analyses have confirmed the importance of these founders 
in ex-PVP germplasm and identified common heterotic 
groups (Beckett et al. 2017; van Heerwaarden et al. 2012; 
Nelson et al. 2008; Romay et al. 2013). The three main 
heterotic groups in ex-PVP germplasm are stiff stalk (SS), 
non-stiff stalk (NSS) and Iodent. Other heterotic groupings 
such as Oh43, Oh07-Midland, commercial hybrid derived 
and Maiz Amargo backgrounds have also been identified 
among ex-PVPs (Mikel and Dudley 2006). Genetic analy-
ses have shown that these heterotic groups are the product 
of modern breeding rather than a result of historical diver-
gence among landrace founders (van Heerwaarden et al. 
2012). Narrowing of ancestral composition in heterotic 
groups over time has resulted in significantly increased 
shared haplotype lengths in ex-PVPs compared to their 
predecessors (van Heerwaarden et al. 2012; Romay et al. 
2013). A few studies have identified specific segments of 
identity-by-state (IBS) haplotype sharing between a small 
number of founders and select maize inbreds (Dell’Acqua 
et al. 2015; Jiao et al. 2012; Romero-Severson et al. 2001; 
Wu et al. 2016).
Despite these research efforts, no comprehensive study 
assessing and relating identity-by-state (IBS) haplotype 
sharing between founders and ex-PVP lines to the indi-
vidual seed industry companies and heterotic groups has 
been conducted. Large-scale genotyping studies on diverse 
maize lines have increased access to higher density SNP 
data on ex-PVPs and historically important public lines 
(Bukowski et al. 2018; Romay et al. 2013). Here, we build 
on previous studies and utilize high-density SNP data to 
provide new analyses focused on the haplotype structure 
among ex-PVP lines. Our objectives were to (1) evalu-
ate haplotype structure in germplasm that has driven the 
success of the seed corn industry, and (2) investigate hap-
lotype sharing across companies and heterotic groups to 
gain insight into the breeding history and diversity of com-
mercial maize as it relates to key founders.
Materials and methods
Identification of ex‑PVPs and public lines
The US PVP Application Status report was downloaded 
from https ://www.ams.usda.gov/servi ces/plant -varie ty-
prote ction /appli catio n-statu s on June 30, 2017. The report 
contained 386 field corn lines with expired PVP. Pedi-
grees were extracted from the PVP applications for a sub-
set of 174 ex-PVPs represented in the MaizeHapMap3.2.1 
(Bukowski et al. 2018).
In addition to the ex-PVP lines, 60 inbreds which were 
identified as ancestors to maize PVPs in previous studies 
(Beckett et al. 2017; van Heerwaarden et al. 2012; Mikel 
2011) were included. Twelve lines, among these 174 ex-
PVPs and 60 public lines, were selected as key found-
ers for this study: 207, A632, B14, B37, B73, LH123HT, 
LH82, Mo17, Oh43, OH7, PHG39 and Wf9. These lines 
were selected based on previous studies of PVPs and ex-
PVPs which identified important progenitor lines based 
on pedigree relatedness and population structure analyses 
(Beckett et al. 2017; van Heerwaarden et al. 2012; Mikel 
2008, 2011; Mikel and Dudley 2006; Nelson et al. 2008; 
Romay et al. 2013).
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Genotypic data
Unimputed SNP calls from the MaizeHapMap3.2.1 
(Bukowski et  al. 2018) uplifted to B73 AGPv4 were 
downloaded through CyVerse Data Store. This full data-
set contained 1218 samples and 81,687,392 loci. The esti-
mated error rate was 1–3% based on HapMap3 (Bukowski 
et al. 2015). A subset of 260 samples was extracted using 
BCFtools 1.5 (Li 2011), representing 234 unique inbreds 
consisting of the 174 ex-PVPs and 60 public lines. Sequenc-
ing depth ranged from 0.5X to 54.2X among the samples 
with a mean of 3.8X. Average sequencing depth among the 
twelve founders was 16.2X.
Filtering of samples and loci
The FilterSiteBuilder plugin in Tassel 5.0 (Bradbury et al. 
2007) was used to remove monomorphic loci, loci with > 2 
alleles or > 95% missing data points and loci with > 5% 
heterozygous calls. Inbreds with multiple replicates were 
reviewed to determine if the replicates could be merged.
Comparisons of the genotype calls for replicate pairs 
which showed < 95% match rate were examined in greater 
detail. These discordant replicates were compared to any 
available parent and/or progeny replicates to identify the 
most representative sample. If a representative sample could 
not be identified, then all replicates were discarded. Addi-
tionally, samples with > 80% missing data were removed.
Sample replicates with > 95% match rate were merged as 
follows, at a given locus:
• If all calls across reps are NA (missing), return NA.
• If there is only one unique genotype call across reps, 
return this genotype.
• If there is more than one unique genotype call (e.g., AA 
and GG) across reps and they occur at equal frequency, 
return NA.
• If there is more than one unique genotype call and one 
of them occurs at a higher frequency than others, return 
the most frequent genotype call.
After sample replicate analysis, loci containing indels 
and loci with > 50% missing data points were excluded. 
11,296,689 SNPs remained available for analysis after 
filtering.
Haplotype analysis
Samples were assigned to haplotype groups within fixed 
SNP windows using Tassel’s FILLINFindHaplotypes 
plugin (Swarts et al. 2014; Fig. S1). A window size of 
2000 SNPs was selected to improve genome coverage of 
the output haplotypes and ensure block sizes smaller than 
the average haplotype length of 5.1 Mb reported in Romay 
et al. (2013). Each fixed SNP window will be referred to 
as a haplotype block. Maximum diversity was set to 3% to 
account for sequencing error while maintaining stringency 
on grouping highly similar lines into the haplotype groups. 
To account for residual heterozygosity, up to 5% heterozy-
gous calls were allowed in the consensus haplotypes. A 
maximum of 40% missing data points was allowed in a 
sample within a haplotype block. In addition, only 1 sam-
ple was required to form a haplotype group. This allowed 
haplotypes unique to a single inbred to remain in the out-
put results. Inbreds which did not have at least 50% of 
the genome assigned to haplotypes were excluded from 
further analysis.
Two metrics were used to review haplotype diversity. The 
first metric, haplotype diversity (H), was computed using the 
method described by Nei (1987) and is shown by the equa-
tion below where xi is the relative frequency of the haplotype 
within the haplotype block and N is the number of samples.
Second, Manhattan distance between consensus haplo-
types within haplotype blocks was computed. Manhattan 
distance, shown in the equation below, is the absolute dis-
tance between two vectors. Here, xi and yi are numerically 
encoded SNP vectors for a pair of consensus haplotypes 
within a haplotype block. The consensus haplotype for each 
haplotype group within each haplotype block was obtained 
from the FILLINFindHaplotypes plugin output. Heterozy-
gous calls present in the consensus haplotypes were con-
verted to missing, and remaining homozygous calls were 
converted to 0,1 format, representing the two homozygous 
classes.
Identity-by-state (IBS) haplotype sharing was computed 
for ex-PVP and founder inbred pairs as the proportion of 
haplotype space in which the ex-PVP belonged to the same 
haplotype group as a given founder. First, for each ex-PVP, 
the total Mb that received a haplotype assignment by the 
FILLINFindHaplotypes plugin was determined. This was 
termed the haplotype space. Second, haplotype blocks, 
where the ex-PVP and given founder line received the same 
haplotype group assignment, were identified. Third, the 
amount of physical space shared by the haplotype blocks 
was computed and divided by the total haplotype space for 
that ex-PVP. To determine % IBS haplotype sharing between 
a group of samples and a given founder, the individual IBS 
haplotype sharing proportions were simply averaged.
H =
N
N − 1
(
1 −
k∑
i
x2
i
)
d(x, y) =
n∑
i=1
|
|xi − yi
|
|
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Color coding haplotype groups
To enable visualization of haplotype sharing in an intuitive 
manner, the haplotype groups were each assigned a color 
based on the highest ranking inbred contained in the haplo-
type group. This hierarchy of ranked inbreds was simply an 
ordered list of the inbreds (Table S6). A given haplotype group 
was named after the inbred within that haplotype group that 
was highest in the hierarchy. Based on that inbred name, it 
was assigned a color. Our hierarchy places the founders and 
additional public lines at the top. The remaining ex-PVPs are 
ordered by registration year to fill out the rest of the hierarchy. 
For example, any inbred that shares haplotypes with hierar-
chy inbred 1, in a given genomic region, receives the inbred 1 
color. Any inbred that shares haplotypes with hierarchy inbred 
2, but not inbred 1, receives the inbred 2 color. This contin-
ues down the hierarchy until all haplotype groups have been 
colored. Placing key, historical lines near the top of the hierar-
chy facilitates visualization of long genomic segments shared 
between ex-PVPs and founders.
Population structure
Principal components (PC) were estimated using Tassel’s 
PrincipalComponents plugin. Loci with > 25% missing 
were excluded from the input dataset. Cluster assignments 
were determined using partitioning around medoids (PAM; 
Kaufman and Rousseeuw 2008) and fastStructure (Raj et al. 
2014). PAM was run using the ‘pam’ function from the R 
library ‘cluster’ (Maechler et al. 2018). The distance matrix 
(1-IBS) required for this function was generated using Tas-
sel’s DistanceMatrix plugin. PAM clusters were determined 
for k values 2 to 10. To determine the optimal k value, the 
average silhouette width was plotted for each k. A k value of 
4 was selected due to its high average silhouette width and 
close fit with known population structure among ex-PVPs. 
fastStructure was then run using default settings and k = 4. 
The four clusters were labeled based on the primary founder 
in the group—B73, Mo17, 207 or Oh43. Inbreds that had the 
same cluster assignment by both the PAM and fastStructure 
methods were given a heterotic group assignment. Samples 
in the B73 cluster were assigned to the stiff-stalk (SS) het-
erotic group, while samples in the Mo17, 207 and Oh43 
clusters were assigned to the non-stiff stalk (NSS), Iodent 
and Oh43-type heterotic groups, respectively.
Results
Filtered samples and loci
SNP calls compared between replicate pairs had a match 
rate greater than 97% in all but six cases (Table S1). Use of 
pedigree information in combination with parent–progeny 
comparisons of SNP data resolved discordance in C103, 
A619 and H99. In the case of C103, SNP calls for two C103 
samples (sources named ‘282set_C103’ and ‘C103’) and 
CI187-2 were compared against SNP calls in Mo17 (Fig. 1). 
Mo17 is a progeny of C103 x CI187-2. We observed con-
tiguous blocks matching to Mo17 which alternated between 
parents when ‘282set_C103’ was paired with CI187-2 but 
not when paired with ‘C103.’ The alternating of these con-
tiguous blocks between ‘282set_C103’ and CI187-2 sug-
gested an inheritance pattern. ‘282set_C103’ was thereby 
selected as the representative sample for the inbred C103.
The final genotypic dataset consisted of 212 samples 
and 11,296,689 loci. All samples were assumed to be rep-
resentative of the breeding source for that inbred line. The 
loci were well distributed across the physical genome with 
very few regions showing decreased coverage. Regions with 
decreased coverage most often occurred around the cen-
tromeres. Median missing data were 38.1% and 38.7% for 
samples and loci, respectively. Missing data were < 5% for 
key founders 207, A632, B73, Mo17 and Oh43 due to higher 
sequencing depth in the source data and merging of multiple 
sample replicates. Among the 212 samples were 55 public 
lines, including the 12 founders, and 157 ex-PVPs. The 55 
public lines had a median of 20.8% missing data, and the ex-
PVPs had a median of 42.9% missing data. Although impu-
tation could have been used with this dataset, the reduced 
amount of missing data for the public lines was sufficient to 
anchor most of the genome space in the ex-PVPs to haplo-
type groups that could be related to these public lines.
Company representation among the 157 ex-PVPs is 
shown in Fig. 2. Mergers and acquisitions have resulted 
in the integration of germplasm from multiple legacy pro-
grams into three main companies: DowDuPont, Monsanto 
and Syngenta. The DowDuPont ex-PVPs are almost exclu-
sively of Pioneer Hi-Bred origin. Holden’s Foundation Seeds 
and Dekalb contribute large proportions to the Monsanto 
ex-PVPs, and nearly all Syngenta ex-PVPs are of Novartis 
origin. Haplotype information will be primarily summarized 
based on the three main companies. As such, the dataset 
contains 65, 63 and 15 ex-PVPs for the three companies, 
respectively. The full list of samples with additional meta-
data can be found in Table S2.
Population structure
Removal of loci with > 25% missing data for the population 
structure analyses resulted in a dataset with 212 samples and 
1143,283 loci. PC analysis revealed three main clusters relat-
ing to the known SS, NSS and Iodent heterotic groups and 
a 4th cluster consisting of Oh43-type lines (Fig. 3). Propor-
tions of the total variance explained by PC1, PC2 and PC3 
were 7.4%, 5.6% and 3.8%, respectively. PC1 separated the 
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SS and NSS clusters, PC2 separated the Iodent cluster, and 
PC3 separated the Oh43 cluster.
One hundred and fifty-five of 212 inbreds had the same 
cluster assignment in the fastStructure and PAM analyses. 
These 155 inbreds consisted of 66 SS, 26 NSS, 31 Iodent 
and 32 Oh43-type lines. Heterotic group assignments for 
inbreds labeled as SS, NSS and Iodent agreed with previous 
publications (Beckett et al. 2017; van Heerwaarden et al. 
2012; Mikel 2011). These studies did not emphasize an 
Oh43-like subpopulation. However, a comparison to Nel-
son et al. (2008) confirmed cluster assignment for several 
Oh43-type lines.
Of the 155 inbreds assigned to a heterotic group, 126 
were ex-PVPs. Among these were 46 DowDuPont, 58 Mon-
santo and 12 Syngenta ex-PVPs. Heterotic group assign-
ments among the ex-PVPs were 52 SS, 21 NSS, 31 Iodent 
and 22 Oh43-types. The two most common heterotic groups 
observed among DowDuPont ex-PVPs were SS and Iodent, 
while for Monsanto and Syngenta these were SS and NSS.
Haplotype structure and diversity
The haplotype blocks, as defined by a fixed window size of 
2000 SNPs, had a median physical size of 337.9 kb and max-
imum of 5 Mb (Fig. S2; Fig S3). On average, there were 23.8 
haplotype groups per haplotype block, to which inbreds were 
assigned. The average number of haplotype groups in 1 Mb 
bins ranged from 6.0 to 52.0 (Fig. S4). Pearson correlation 
between haplotype block size and number of haplotype 
groups was 0.16 (Fig. S5). The average number of haplotype 
groups was lower in regions with decreased recombination, 
such as pericentromeric regions, and higher near the ends 
of the chromosomes. Exclusion of haplotype groups that 
contained a single inbred reduced the average number of 
Fig. 1  Comparison of SNP 
calls on chromosome 4 for 
replicates ‘282set_CI187-2,’ 
‘282set_C103’ and ‘C103’ 
against a Mo17 replicate. C103 
and CI187-2 are the inbred par-
ents of Mo17. Points are jittered 
horizontally within 1 Mb bins 
and are colored based on match 
type. Green are SNP calls that 
match between the given repli-
cate and Mo17. Blue are calls 
where Mo17 has a heterozygous 
(het) call and the given replicate 
has a homozygous call. Purple 
are calls where Mo17 has a 
homozygous call and the given 
replicate has a het call. Red are 
calls where the replicates have 
differing homozygous calls. 
Black boxes encompass regions 
where SNP calls are shared 
between the given replicate and 
Mo17 (color figure online)
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haplotype groups per haplotype block to 15.3. Shared hap-
lotype lengths between pairs of inbreds were determined 
by identifying regions of two or more shared, consecutive 
haplotype blocks. An average shared haplotype length of 
2.7 Mb was observed among all 212 inbreds and 3.0 Mb 
among the 157 ex-PVPs and 12 founders. Average shared 
haplotype lengths were longer within heterotic groups with 
averages of 5.1 Mb, 7.0 Mb, 5.5 Mb and 2.7 Mb within SS, 
NSS, Iodent and Oh43-type, respectively.
The inbreds in our study had an average of 92.9% of 
the physical genome assigned to haplotypes. Physical 
haplotype coverage in Mb was closely correlated (r = 0.95, 
p < 2.2e − 16) with genetic genome coverage (Fig. S6). 
Details on estimation of genetic positions for this data set 
are presented in File S1 and Table S3. We provide the com-
plete haplotype results for the 212 inbreds in the form of the 
FILLINFindHaplotypes plugin output files (File S2) and a 
version where these output files were combined for summa-
ries, providing the haplotype information for each inbred by 
chromosome and haplotype block (Table S4).
Co-occurrence of inbreds from differing heterotic groups 
within the same haplotype group was observed across the 
Fig. 2  Breakout of the 157 field 
corn ex-PVPs by applicant. 
Applicants are colored to show 
how different legacy companies 
group together after mergers 
and acquisitions, current as of 
June 2017 (color figure online)
Fig. 3  3D principal components 
plot for 157 ex-PVPs and 55 
public lines. Points are colored 
based on heterotic group assign-
ment: SS (purple), NSS (green), 
Iodent (blue), Oh43-type (red) 
and unassigned (gray). The 
12 founders are denoted with 
stars, and the main founders 
for each heterotic group are 
labeled. Ex-PVPs for the three 
main companies are noted by 
the shapes in the legend, and all 
other ex-PVPs and public lines 
appear as circles (color figure 
online)
Theoretical and Applied Genetics 
1 3
genome. Among all haplotype groups which contained at 
least 1 SS or 1 NSS inbred among the haplotype blocks, 
21.5% of these haplotype groups contained both SS and NSS 
inbreds. 31.8% of haplotype groups among SS and Iodent 
lines were shared, and 24.7% were shared between Iodent 
and NSS. Oh43-type lines shared 27.8%, 31.5% and 31.4% 
haplotype groups with SS, NSS and Iodent, respectively. All 
four heterotic groups were represented in 9.3% of the haplo-
type groups present among these heterotic groups. Between 
companies, DowDuPont and Monsanto shared 43.2% of 
haplotype groups. Syngenta shared 35.0% and 33.9% with 
DowDuPont and Monsanto, respectively. The percentage of 
shared haplotype groups with Syngenta may be biased due to 
low counts of Syngenta ex-PVPs compared to DowDuPont 
and Monsanto.
Average genome-wide haplotype diversity (H) was 0.82 
when weighted by block size in kb. The presence of single-
ton haplotypes (haplotype groups containing one inbred) did 
not significantly influence the haplotype diversity metrics 
computed. H values varied across the genome ranging from 
0.35 to 0.95 by Mb (Fig. S7). A decrease in H among the 212 
inbreds on chromosome 4 from 42 to 67 Mb corresponds 
with a region identified by Romay et al. (2013), where longer 
average haplotype lengths were observed among ex-PVPs. 
Romay et al. (2013) note that this region is known to contain 
genes related to selection during domestication and improve-
ment processes (Hufford et al. 2012; Lai et al. 2010).
Differences between the consensus haplotypes gener-
ated by the FILLINFindHaplotypes plugin were quantified 
by Manhattan distance. The average pairwise distance was 
0.25 when weighted by block size in kb. Manhattan dis-
tance values varied across the genome ranging from 0.05 to 
0.43 by Mb (Fig. S7). Some pericentromeric regions showed 
lower average Manhattan distance across multiple haplotype 
blocks indicating regions where the haplotype groups are 
more similar to one another.
Haplotype sharing between ex‑PVPs and 12 key 
founders
The top founders for each company based on IBS haplo-
type sharing (Fig. 4) were similar to previous studies (Mikel 
2008, Mikel 2011; Mikel and Dudley 2006; Smith 2007). 
B73 was the top founder by IBS haplotype sharing among 
all 157 ex-PVPs studied, but varied by company. B73 was 
IBS with 33.3% of the haplotype space in Monsanto ex-
PVPs and 42.9% with Syngenta ex-PVPs, while it only 
shared 21.4% with DowDuPont ex-PVPs. The DowDuPont 
ex-PVPs shared an average of 30.6% of the haplotype space 
with 207, making it the top founder for this inbred group. 
Mo17 had lower IBS haplotype sharing with DowDuPont 
ex-PVPs at 14.2% compared to 25.2% and 28.1% with Mon-
santo and Syngenta, respectively. Percent IBS haplotype 
sharing between each ex-PVP and the 12 founders is pro-
vided in Table S5.
The majority of the haplotype space across ex-PVPs for 
the three main seed industry companies in the USA can be 
accounted for by just a few founders. On average, 81.6% of 
the haplotype space among the 157 ex-PVP lines is shared 
with at least one of the 12 founder lines used in this study. 
Both Monsanto and Syngenta have a higher proportion of 
the haplotype space IBS with those 12 founders at 85.4% 
and 83.1%, respectively, while DowDuPont shares 78.3%. 
The key representatives of the SS, NSS and Iodent heterotic 
groups—B73, Mo17 and 207, respectively—accounted for 
an average of 59.6% of the haplotype space across the ex-
PVP lines. By company, this was 53.0% for DowDuPont, 
62.9% for Monsanto and 69.7% for Syngenta.
It is important to note that the 12 founders selected in this 
study are not completely distinct from one another (Fig. 5). 
B73 shares haplotypes with B14 (46.2%) and B37 (22.8%). 
A632 shares 78.7% with B14. LH82, a Holden’s Founda-
tion Seeds ex-PVP, shares 30.4% with key Iodent founder 
207. 207 itself shares haplotypes with several other found-
ers including B14 (14.8%), B73 (14.9%), Mo17 (12.9%) 
and Wf9 (12.6%). PHG39 shares 46.2% with B37, a cycle 
0 BSSS derivative.
Region‑specific differences in IBS haplotype sharing
Haplotype structure is readily observed among DowDu-
Pont and Monsanto ex-PVPs by coloring shared haplotype 
Fig. 4  % IBS haplotype sharing between ex-PVPs and the 12 found-
ers. Counts for All Ex-PVPs, DowDuPont Ex-PVPs, Monsanto Ex-
PVPs and Syngenta Ex-PVPs are 157, 65, 63 and 15, respectively. 
The % haplotype sharing is derived as the proportion of haplotype 
space in an ex-PVP that is shared with the given founder. The % 
haplotype sharing values are then averaged among each respective 
group of ex-PVPs. Founders are sorted by the four observed heterotic 
groups: SS (purple), NSS (green), Iodent (blue), Oh43 (red) and an 
unassigned group (gray) (color figure online)
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segments (Fig. 6). Haplotypes representative of the key 
founders for each of the four heterotic groups are prevalent 
among the ex-PVPs in those heterotic groups. Among the 
SS lines in Fig. 6, haplotype sharing with B73 and B14 is 
common. Sharing with Mo17 is common among the NSS 
lines. It is a similar scenario for the remaining heterotic 
groups, where among the Iodents there is a strong presence 
of 207 haplotypes and among the Oh43-type group a strong 
presence of Oh43 haplotypes. Composite views of the hap-
lotype frequencies by company highlight the variation in 
haplotype structure within these ex-PVPs (Fig. S8; Fig. S9). 
Regions almost completely devoid of Mo17 haplotypes in 
DowDuPont ex-PVPs contrast against Monsanto ex-PVPs. 
The decrease in H observed in the chromosome 4 domestica-
tion region occurs in a region of similar haplotype structure 
between these two companies where both companies show 
similar frequencies of B73 and Mo17 as the dominating 
haplotypes.
IBS haplotype sharing with a given founder is not con-
stant across the genome. For example, B73 has higher hap-
lotype sharing with Monsanto and Syngenta ex-PVPs not 
just at the whole genome level but at nearly all physical 
windows as compared to DowDuPont (Fig. 7a). This may 
be somewhat biased, however, due to the counts of Dow-
DuPont inbreds assigned to heterotic groups other than SS 
compared to Monsanto and Syngenta. 44.4% of Monsanto 
ex-PVPs and 46.4% of Syngenta ex-PVPs were assigned to 
the SS heterotic group compared to 23.1% for DowDuPont 
ex-PVPs. Nonetheless, it highlights the strong presence of 
B73 haplotypes in these Monsanto and Syngenta ex-PVPs. 
The similarities and differences in haplotype sharing with 
B73 are more evident when only SS ex-PVPs are considered 
(Fig. 7b). A region of near fixation of the B73 haplotype in 
SS ex-PVPs was observed on chromosome 1 (125–150 Mb). 
SS ex-PVPs across the three companies also shared a sharp 
drop in B73 haplotype sharing near the beginning of the 
short arm of chromosome 3. Regions of strong differentia-
tion between the companies were also observed on chro-
mosome 7 at 75–150 Mb, chromosome 8 at 5–50 Mb and 
chromosome 8 at 95–120 Mb.
Discussion
Data integrity
Over the last several decades, seed sources for released, 
inbred lines have been maintained by repositories and breed-
ing programs. Independent maintenance of seed sources 
through periodic seed increases can lead to phenotypic 
Fig. 5  Percent haplotype sharing for the union of non-missing regions between each pair of founders. Founders are sorted by the four observed 
heterotic groups: SS (purple), NSS (green), Iodent (blue), Oh43 (red) and an unassigned group (gray) (color figure online)
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changes (Bogenschutz and Russell 1986). Variation among 
seed sources within an inbred has been observed in mul-
tiple studies and attributed to factors such as residual 
heterozygosity, unintended introgression events, mutations, 
contamination and genetic drift (Gethi et al. 2002; Romay 
et al. 2013; Romero-Severson et al. 2001). The seed sources 
Fig. 6  IBS haplotype assignments on chromosome 1 for DowDuPont 
(a) and Monsanto (b) ex-PVPs. Inbreds are ordered left to right first 
based on heterotic group assignment and then alphabetic based on the 
sample name. Physical positions are displayed on the y-axis in Mb. 
Shared colors across inbreds represent regions that are IBS between 
those inbreds. White indicates missing data. A composite view of the 
haplotype frequencies across the given set of lines is shown on the 
left (color figure online)
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genotyped for a given inbred are assumed to be representa-
tive of the source used in breeding crosses. This may not 
always be the case, and multiple sources could be indepen-
dently used in breeding crosses (Haun et al. 2011; Liang and 
Schnable 2016).
The SNP data present in HapMap 3.2.1 is a combina-
tion of multiple data sources (Bukowski et al. 2018). The 
data sources vary in the lines and seed sources sequenced, 
read length and quality and sequencing coverage depth. 
The variation in missing data and concordance among sam-
ple replicates can impact data integrity and the ability to 
accurately assess haplotype sharing. Merging of sample 
replicates decreased missing data for inbreds in this study. 
Inbreds with source variation were identified through direct 
comparison of SNP calls among the replicates. We saw cases 
of mismatches between samples of the same inbred which 
were localized to specific genomic regions. One possible 
explanation is fixation of different alleles in these samples 
due to residual heterozygosity. Alternatively, an unintended 
introgression event may have taken place and become 
fixed in one source. Localized mismatches could also 
occur between related sources such as full-sibs which were 
improperly labeled as the same inbred. We also observed 
cases of widespread mismatches throughout the genome 
between samples within an inbred. These cases are more 
indicative of contamination or mix-up in the seed source, 
sampling or DNA testing stage. Sample replicate analysis in 
conjunction with pedigree information was able to resolve 
half of the discordant replicate cases. Pedigree information 
can sometimes be inaccurate and incomplete (Messmer et al. 
1993) so it may not be beneficial in all cases. When pedigree 
information is available, it can offer an advantage in analysis 
of sample integrity, regardless if one replicate or multiple 
replicates are present for a given inbred. In the presence 
of pedigree information, parent–progeny or triplet analysis 
can also be performed as a measure of the sample replicate 
integrity. Parent–progeny analysis was not emphasized in 
this study due to limited triplets available.
Analyses such as these are important so that research-
ers understand potential consequences of seed source vari-
ation and can ensure proper sources are selected for their 
study. When inconsistencies and unexpected relationships 
are observed, knowledge of the germplasm and breeding 
history can help to identify the source of the discordance 
(Lorenz and Hoegemeyer 2013). Even still it may not be 
possible to determine the cause and not all seed sources for 
Fig. 7  Proportion of IBS haplotype sharing between ex-PVPs and 
B73. a Average IBS haplotype sharing between all ex-PVPs and B73 
in 1 Mb bins. b Average IBS haplotype sharing between SS ex-PVPs 
and B73 in 1 Mb bins. Black bars along the x-axis are approximate 
centromere positions
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a given inbred are available for genetic testing; however, this 
information can better inform line selection and interpreta-
tion of results.
Haplotype sharing provides insight into maize 
industry breeding program history
The results presented here build on previous studies by 
providing high-resolution haplotype data which uncover 
specific regions of haplotype sharing between ex-PVPs 
and founders and the similarities and differences across 
seed industry companies and heterotic groups. Commercial 
breeding efforts continue to drive divergence of heterotic 
groups (Beckett et al. 2017; van Heerwaarden et al. 2012). 
Our results show dominant founder haplotypes within each 
heterotic group (Fig. S10). SS inbreds commonly share 
haplotypes with SS founders such as B73, B14 and B37. 
Emphasis of a SS × NSS heterotic pattern in Monsanto 
and Syngenta ex-PVPs compared to a SS × Iodent pat-
tern in DowDuPont was evident in the haplotype sharing 
observed with the major founders of these heterotic groups. 
Iodent’s usage as the heterotic group complementary to SS 
in DowDuPont was clear as no DowDuPont ex-PVPs were 
assigned to the NSS heterotic group. Through pedigree 
analysis, Mikel and Dudley (2006) found that no Pioneer 
PVP was directly developed from Mo17, the key founder 
for the NSS heterotic group. Although NSS was a primary 
heterotic group found among the Monsanto ex-PVPs studied, 
Iodent inbreds were also present. Monsanto ex-PVPs largely 
originated from two legacy companies: Holden’s Foundation 
Seeds and Dekalb Genetics. Ex-PVPs that originated from 
Holden’s were primarily SS and NSS, while Dekalb origin 
ex-PVPs were mainly SS and Iodent (Fig. S11). Holden’s 
commonly used the NSS inbreds Mo17 and LH51 to develop 
new lines, while Dekalb derived several inbreds though 
selfing and selection of hybrids such as Pioneer 3737 and 
Pioneer 3901 (Mikel and Dudley 2006). All Dekalb origin 
ex-PVPs in our dataset have a Pioneer hybrid as a direct 
parent or grandparent and could explain the origin of Iodent 
germplasm among these ex-PVPs.
Our haplotype sharing results reveal extended haplotype 
sharing among some of the key founders and the regions at 
which this occurs. Some of this haplotype sharing is due 
to recent relatedness. A632, for example, had the fourth 
highest IBS haplotype sharing with all ex-PVPs. How-
ever, A632 has significant sharing with its parent and key 
founder B14 (78.7%). This suggests that haplotypes, which 
an ex-PVP line shares with A632, have a high likelihood 
of also being shared with B14, and inclusion of A632 as 
a key founder adds redundancy to the founder set. A632 
was an early maturity recovery of B14 and was selected as 
a founder in our study due to its mention as a key, histori-
cal inbred in previous studies (Nelson et al. 2008; Troyer 
1999). Haplotype sharing also occurs in cases of more dis-
tant relatedness. Ganal et al. (2011) point out a region on 
chromosome 8 devoid of polymorphisms in the IBM popula-
tion (B73 × Mo17 RIL). IBS haplotype sharing is observed 
between B73 and Mo17 in our dataset in this same region 
from 146.5 to 164.6 Mb. Mo17 also shares a large pericen-
tromeric region on chromosome 7 from 42.6 to 90.0 Mb with 
founder line 207.
Although selection of the founders using previous litera-
ture was generally effective, resulting in much of the ex-PVP 
haplotype space IBS with at least one of the twelve founders, 
there remain haplotypes which were not shared with any of 
the 12 founders nor the additional public lines included in 
the study. PHG86, an ex-PVP registered by Pioneer Hi-Bred, 
contained haplotypes unique to itself for nearly one-third of 
its haplotyped genome. Given the proprietary nature of many 
of the pedigrees of PVPs, it is likely that there are other pub-
lic lines unaccounted for that may explain some of this addi-
tional haplotype space. With genotypic data now available 
across multiple studies covering a larger number of ex-PVPs, 
identification of key founders for ex-PVP germplasm could 
be improved by using a marker-based probability of gene 
origin approach such as described by Technow et al. (2014).
While the results are only reflective of the inbreds 
included in this study and several ex-PVPs were not 
included, the trends in haplotype sharing between ex-PVPs 
and founders are in line with expectations from pedigree-
based studies (Mikel 2011). A comparison of pedigree-based 
co-ancestry to % IBS is often used to identify unexpected 
relationships and confirm theoretical based inheritance 
(Bernardo 1993; Inghelandt et al. 2010; Lübberstedt et al. 
2000). To demonstrate the relationship between pedigree-
based co-ancestry and the % IBS haplotype sharing values 
obtained in this study, 19 ex-PVPs with publicly available 
pedigree information, where a founder was not a direct par-
ent, were compared against the twelve key founders. In cases 
of known ancestry, the % IBS haplotype sharing values are 
more closely aligned to the pedigree-based co-ancestry val-
ues than are SNP-based co-ancestry (IBS) values, because 
the multi-SNP haplotypes are taking advantage of the LD 
structure present (Fig. S12). PHG39, a DowDuPont ex-PVP, 
offers an example of an unexpected relationship with the 
founders B14 and B37. PHG39 has no known pedigree rela-
tionship to B14 or B37 but has 45.0% and 46.2% IBS hap-
lotype sharing with these founders, respectively. Clustering 
of PHG39 with B14 and B37 has been observed in previous 
studies (Beckett et al. 2017; Kahler et al. 2010; Nelson et al. 
2016), but a direct pedigree link remains unknown.
Analysis of additional ex-PVPs submitted for PVP from 
1976 to 1992 would provide a more complete assessment of 
the haplotype sharing. However, addition of ex-PVPs within 
this same range of years would likely not drastically change 
the observed trends in haplotype sharing. These ex-PVPs are 
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assumed to be a fair representation of the ex-PVPs registered 
during this era. We do, however, expect that haplotype shar-
ing trends will change for ex-PVPs registered after 1992. 
Based on pedigree analysis by Mikel (2011), contributions 
of founders such as Mo17, B14 and B37 to ex-PVPs have 
decreased over time, while contributions of founders such 
as 207 have increased. Although counts are limited, among 
the three major founders within respective heterotic groups, 
no significant correlation between registration year and 
median haplotype length was detected in our dataset (Fig. 
S13). As more ex-PVPs become available, the changes in 
these trends over time based on genotypic data may become 
more apparent.
The haplotypes from this study are not only informa-
tive for the ex-PVPs reviewed, but can be used to infer 
haplotypes of parents and progeny inbreds which were not 
included either due to lack of genotypic data or the pro-
prietary nature of the lines. In a two-parent cross where 
haplotype data are available for both a progeny inbred and 
one of its two parents, any haplotypes in the progeny inbred 
that are not IBS with the parent haplotypes can be assumed 
to have originated in the non-haplotyped parent. Similarly, 
these haplotypes can provide insight into PVPs which have 
yet to expire. If both parents of a given PVP have been hap-
lotyped, the haplotype structure can be inferred based on 
the combination of these parents, e.g., haplotypes that are 
IBS between the parents will appear in the progeny inbred.
Application of haplotype sharing analysis 
to breeding
The results from this study demonstrate how haplotype 
analysis can be used to understand germplasm diversity. 
Haplotype-based analyses provide advantages over single-
marker-based approaches for inference of population struc-
ture (Gattepaille and Jakobsson 2012; Haasl and Payseur 
2011). Haplotypes can provide additional information com-
pared to SNPs as they combine allele information across 
multiple SNPs. When SNPs are dense enough to capture 
the LD that exists in a population, haplotypes formed by the 
SNPs can provide more power to analyses. Previous stud-
ies have successfully utilized haplotypes in assessment of 
population structure in species such as barley (Fang et al. 
2014) and humans (Lawson et al. 2012; Ralph and Coop 
2013). Haplotype sharing has been used as a measure of 
relatedness and can reveal regions of selection and variation 
in diversity present within germplasm (Fang et al. 2014; 
Hufford et al. 2013; Poets et al. 2016). Low diversity regions 
may highlight opportunities for increasing diversity within a 
breeding program. Diversity trends through haplotype struc-
ture can be monitored over time within a breeding program 
to ensure haplotypes are not fixed unintentionally. Changes 
in haplotype frequencies occur through each generation as 
recombination breaks up haplotypes and selection and drift 
impact different segments of the germplasm.
Knowledge of haplotype structure in the breeding germ-
plasm can help inform future sequencing and genotyping 
strategies (Ros-Freixedes et al. 2017). High-resolution hap-
lotype structure can be assessed from deep sequencing of 
a small set of key inbreds representative of the population 
or breeding program. A reduced set of loci that tag each 
haplotype (tag SNPs) can be utilized to more effectively and 
cost efficiently genotype samples for downstream analyses. 
Tag SNPs have been utilized in previous studies resulting in 
increased mapping efficiency (Kebede et al. 2016; Lu et al. 
2010). Similarly, samples can be sequenced at low coverage 
and missing data imputed using the high-resolution haplo-
types, thereby reducing sequencing cost. In this study, the 
public lines, and in particular the 12 key founders, had much 
lower missing SNP data, while the ex-PVP lines generally 
had higher missing data. The resulting high proportion of 
the ex-PVP genomes which were able to be assigned to hap-
lotype groups highlights the effectiveness of a sequencing 
strategy in which the key inbreds receive deep sequencing 
and other individuals receive lower coverage sequencing.
One limitation in this study is the use of a single reference 
genome. The haplotypes observed are a direct reflection of 
sequencing reads which were aligned to B73. The B73 refer-
ence genome does not capture the full extent of genome vari-
ation within the species (Brunner et al. 2005; Lu et al. 2015). 
High levels of copy number variants and presence/absence 
variants have been observed in multiple studies (Hirsch et al. 
2016; Lai et al. 2010; Springer et al. 2009). Because of this 
limitation, there are certainly haplotypes that exist in these 
ex-PVPs that are not captured in this study. Genome graphs 
are being explored as a method to build pan-genomes (Paten 
et al. 2017) to account for the variation within a species. 
In maize and other species, a Practical Haplotype Graph 
is being implemented to capture haplotypes across a pan-
genome framework (Johnson et al. 2018).
Accumulation of deleterious alleles in maize has been 
suggested to be primarily driven by the effects of the 
domestication bottleneck (Wang et al. 2017). Ramu et al. 
(2017) showed haplotypes containing fewer deleterious 
alleles have been favored during selection in cassava, but 
that drift has increased fixation of deleterious alleles. Del-
eterious alleles have been shown to affect expression in 
maize (Kremling et al. 2018) and have been proposed as 
a major driver in hybrid vigor through incomplete domi-
nance (Yang et al. 2017). Deleterious alleles can be identi-
fied through genomic evolutionary rate profiling (GERP; 
Davydov et al. 2010). Complementation of deleterious 
alleles is thought to be involved in heterosis (Lai et al. 
2010). The 11.3 million loci in this study were divided into 
5694 haplotype blocks each containing ~ 2000 SNPs. These 
data present an opportunity to look at haplotype-specific 
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accumulation of deleterious alleles with high-density data 
and the influence of long-range haplotype sharing on inter-
pretation of GERP scores. If differential accumulation of 
deleterious alleles in the haplotypes is observed, these 
data could be compared with the known heterotic group 
structure to see if complementation is significant between 
heterotic groups as compared to random.
In summary, this study provides increased resolution 
to the understanding of genetic relationships between 
maize ex-PVPs and key founders. Trends in haplotype 
sharing between the 12 key founders and ex-PVPs con-
firm trends from pedigree-based estimates. A majority 
of the haplotype space in the ex-PVPs analyzed can be 
accounted for by just a few key founders. Comparison of 
haplotype structure across seed industry companies and 
heterotic groups reveals broadscale patterns of haplotype 
sharing and regional differences. Relating the haplotypes 
present in ex-PVPs to key founders provides an intuitive 
way to understand the breeding history of industry germ-
plasm and can support future studies of trait-associated 
haplotypes, facilitate selection of ex-PVP lines for use in 
breeding programs, studies of diversity and heterosis and 
inference of haplotypes in PVPs not yet expired.
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